Introduction
DCs play a central role in innate and adaptive immunity. Upon contact with foreign antigens, microbes, or inflammatory factors in peripheral tissue, imDCs differentiate more fully and migrate to secondary lymphoid organs, where they interact with lymphocytes to initiate a primary immune response [1] . To facilitate these sentinel and antigen-presenting functions, DCs are adept at migrating in response to external guidance cues and forming specific intercellular contacts. Numerous soluble and cell-associated proteins, such as selectins, integrins, and chemokines and their receptors, contribute to these DC characteristics [2] .
Semas comprise a large family of phylogenetically conserved, membrane-bound and secreted proteins that play a role in cell migration, adhesion, and diverse additional biologic processes [3, 4] . Semas are best known for their roles in nervous system development, where they mediate chemorepulsive axonal guidance [5] . They are expressed in many organ systems, though, and are involved in vascular development, tumor growth, suppression and metastasis, osteoclastogenesis, and immune cell activity [3] . The molecular mechanisms of Sema signaling involve cytoskeletal rearrangement and altered integrin-based adhesion to other cells and to the extracellular matrix and are mediated by plexins, NRPs, and additional cell surface receptors [3] . Of the 8 Sema subclasses that have been distinguished on the basis of structural features and sequence similarities [6] , secreted class 3 Semas (Sema3A-G) are unique in that they require binding to NRP-1 or NRP-2 receptors [7] [8] [9] before interacting with signaltransducing plexin coreceptors [10] . Plexins also comprise a large family of transmembrane receptors that are expressed on a wide variety of cells types [11] . Intracellular signaling through the plexins occurs via the Rho family of GTPases and tyrosine kinases [3] .
NRP-1 and -2 are transmembrane glycoproteins whose short cytoplasmic tails preclude Sema-induced signaling but are essential coreceptors with plexins for class 3 Semas [7] [8] [9] . We previously reported that differentiation of monocytes into mDCs induces the expression of NRP-2 and that NRP-2 in mDCs is polysialylated [12] . NRP-1 has also been shown to be expressed on the surface of human imDCs [13] . In the absence of Sema ligands, NRP-1 and NRP-2, on the surface of DCs, have been reported to have opposite effects on DC-T lymphocyte interactions-whereas NRP-1 enhances DC-T lymphocyte synapse formation and immune activation [13] , NRP-2 inhibits T lymphocyte activation and proliferation [12] . Although the polySia glycan of NRP-2 impairs the DC-T lymphocyte interaction, it serves a vital role in binding chemokine CCL21 and directing CCR7 receptor-induced DC migration [14] [15] [16] .
Several Semas have been reported to influence DC activity via signaling through cell-surface plexin-A1 and additional Sema receptors [17, 18] . Sema6D, expressed on the surface of T cells, stimulates bone marrow-derived DCs to produce cytokine IL-12 and increases expression of MHC class II molecules after binding to plexin-A1 on the surface of DCs [19] . Sema4D is also expressed by T cells and promotes activation and maturation of DCs after binding the CD72 receptor on DCs [20] . Poxvirusencoded SemaA39R binds plexin-C1 on DCs and inhibits integrin-mediated adhesion and spreading, as well as chemokineinduced migration of DCs [21] . More recently, secreted Sema3A has been shown to signal through the NRP-1/plexin-A1 axis to induce myosin light-chain phosphorylation and promote directed migration of murine DCs into the lymphatics [22] . The role of known Sema receptors in guiding cell activity is likely more complex than currently appreciated, as plexin-A1 on the surface of DCs mediates interaction with lymphocytes, even in the absence of Semas [23] .
Whereas most of the studies of Semas in the immune system have focused on the role of membrane-associated forms in cell activation and adhesion, the potential function of secreted class 3 Semas in regulating migration of human DCs has not been reported. In this study, we report that human monocyte-derived DCs express plexin-A1 and -A3, as well as their obligate NRP-1 and NRP-2 coreceptors for secreted class 3 Semas. We demonstrate that the level of expression of NRP-1 and NRP-2 diverges as DCs mature. The continued increase in expression of NRP-2 in mDCs and decline in NRP-1 expression suggest a major role for NRP-2 in Sema/NRP/plexin-mediated signaling in these cells. We also demonstrate that binding of Sema3A, -3C, and -3F to human mDCs-the latter predominantly through NRP-2-changes dynamics of F-actin organization at the plasma membrane and promotes transwell migration in the absence or presence of a chemokine CCL19 gradient. The enhanced transwell migration of Sema-treated DCs does not appear to be a result of increased cell speed or a decrease in cell size, raising the possibility of increased cell deformability as a potential explanation. These data demonstrate that multiple class 3 Semas have the potential to use NRP and plexin coreceptor family members to promote migration and possibly other activities of human DCs during innate and adaptive immune responses.
MATERIALS AND METHODS

Differentiation of purified monocytes into DCs
Monocytes were purified from leukocytes acquired commercially (leukapheresis product from SeraCare Life Sciences, Milford, MA, USA) and from local donors (guided by a protocol approved by the University of Maryland School of Medicine Institutional Review Board, Baltimore, MD, USA) and were differentiated in culture into mDCs in the presence of IL-4 and GM-CSF (both from R&D Systems, Minneapolis, MN, USA) and LPS (Sigma-Aldrich, St. Louis, MO, USA), as described previously [12, 24] .
Immunofluorescent staining of cell-surface proteins and analysis by flow cytometry and confocal microscopy Proteins on the surface of intact monocytes, imDCs and mDCs, were detected by incubating cells at 1 3 10 6 cells/ml in PBS containing 2% heatinactivated human serum (Gemini Bio-Products, Calabasas, CA, USA) and anti-CD32 FcR IgG (1.5 mg/ml; Stem Cell Technologies, Vancouver, BC, Canada) before staining with 10 mg/ml mouse anti-NRP-2 IgG (C-9; Santa Cruz Biotechnology, Dallas, TX, USA) or anti-NRP-1 mAb (AD5-17F6; Miltenyi Biotec, Auburn, CA, USA). Bound IgGs were detected by incubation with biotinylated rabbit anti-mouse IgG, followed by PE-conjugated streptavidin (both from Dako, Carpinteria, CA, USA). Fluorescence was analyzed by flow cytometry using a BD FACSCalibur (BD Biosciences, Mountain View, CA, USA), and data were analyzed using FlowJo data analysis software (Tree Star, Ashland, OR, USA). For visualization of NRP-1 and NRP-2 on the surface of mDCs, cells were stained with 10 mg/ml mouse anti-NRP-1 mAb (Miltenyi Biotec) and polyclonal goat anti-NRP-2 IgG (R&D Systems) for 1 h. Cells were washed in PBS and incubated for 1 additional h with Cy5-conjugated anti-goat IgG or with Cy2-conjugated anti-mouse IgG (both from Jackson ImmunoResearch Laboratories, West Grove, PA, USA). After washing in PBS, cells were fixed in 1% paraformaldehyde and seeded at 3 3 10 5 cells/well on poly-L-lysine-precoated, 8-chamber glass slides (Lab-Tek, Nunc; Nalge Nunc International, Rochester, NY, USA). Cell-associated fluorescence was visualized with a Zeiss LSM 510 Meta confocal system (Zeiss, Thornwood, NY, USA) using a C-Apo 403/1.2 water-immersion objective after excitation at 488 or 633 nm.
Isolation of RNA and real-time RT-PCR
Total RNA was isolated from monocytes and monocyte-derived DCs using an RNeasy mini kit (Qiagen, Valencia, CA, USA), as described previously [12] . cDNA was prepared using an iScript cDNA Synthesis Kit (Bio-Rad Laboratories, Hercules, CA, USA), and semiquantitative real-time PCR was performed using the iQ SYBR Green Supermix kit (Bio-Rad Laboratories) with an ABI sequence detection system (ABI Prism 5700; Thermo Fisher Scientific, Waltham, MA, USA), as described previously [12] . Expression of the following genes (with GenBank accession numbers) was analyzed: NRP-1 (AF016050), NRP-2 (AF016098), Sema3A (NM_006080), Sema3B (NM_004636), Sema3C (NM_006379), Sema3D (NM_152754), Sema3E (NM_012431), Sema3F (NM_004186), Sema3G (NM_020163), plexin-A1 (NM_032242), plexin-A2 (NM_025179), plexin-A3 (NM_017514), plexin-A4 (NM_020911), plexin-D1 (NM_015103), VEGF-R1 (NM_002019.4), VEGF-R2 (NM_002253.2), and VEGF-R3 (NM_182925.4). Gene expression of GAPDH was also measured as an internal control. The following primers were selected using Primer-BLAST (National Production of AP-Sema3A, AP-Sema3C, and AP-Sema3F and DC-binding assay Human Sema3A and Sema3F fusion proteins, containing an AP tag at the NH 2 terminus (AP-Sema3A and AP-Sema3F) and an AP tag control, were expressed in HEK293T cells that were transfected with Sema-pAPtag-5 DNA constructs (kindly provided by Dr. David Ginty, Harvard Medical School, Cambridge, MA, USA), using Lipofectamine Plus (Thermo Fisher Scientific). Murine Sema3C, fused to an AP NH 2 terminus tag, was similarly expressed in HEK293T cells using an AP-Sema3C pCDNA1 construct (kindly provided by Dr. Alex Kolodkin, Johns Hopkins School of Medicine, Baltimore, MD, USA). Secreted AP-Sema3A, AP-Sema3C, AP-Sema3F, and lone AP (from empty control vector) were concentrated from the medium (RPMI 1640 medium containing 5% fetal bovine serum) of transfected cells using Amicon Ultra-15 centrifugal filters (EMD Millipore, Danvers, MA, USA). The concentration of each Sema was determined by comparison with a standard curve of AP activity, generated using known amounts of human placental AP (Sigma-Aldrich). Binding of AP-Sema3A, AP-Sema3C, AP-Sema3F, and lone AP to the surface of mDC was measured after adding 2.5 mg of each ligand to 5 3 10 5 cells in 100 ml PBS/0.1% BSA and incubating the reaction at 4°C for 30 min. After washing DC once with PBS, cells were resuspended in 100 ml PBS, 50 ml was added to 2 wells of a 96 microtiter plate (Corning Costar; Sigma-Aldrich), and 200 ml AP substrate p-nitrophenylphosphate (Sigma-Aldrich) was added to each well. The colorimetric reaction was stopped by adding 50 ml 3 N NaOH, and absorbance was read at 405 nm with a Victor 2 1420 spectrofluorometer (Wallac, Turku, Finland). Where indicated, DCs were preincubated with goat preimmune IgG or goat polyclonal anti-NRP-2 IgG (both from R&D Systems) at 40 mg/ml for 30 min at 37°C before adding Semas. This concentration of antibody was used, as no further decrease in Sema3F binding occurred at higher concentrations. In some experiments, cells were first treated with endoN (kindly provided by Karen Colley, University of Illinois, Chicago, IL, USA), which specifically cleaves a2-8-linked polySia.
Visualization of F-actin in Sema-treated mDCs with phalloidin by confocal microscopy mDCs were harvested and seeded at 4 3 10 5 cells/well in phenol red-free RPMI 1640 medium containing 5% FCS on poly-L-lysine-precoated, 8-chamber glass slides (Lab-Tek, Nunc; Nalge Nunc International), incubated with 10 mg/ml AP-Sema3A, AP-Sema3F, or AP control and with 2.5 mg/ml human IgG 1 control or 10 mg/ml human Sema3C-Fc (both from R&D Systems) for 60 min, fixed with 1% paraformaldehyde, permeabilized with 0.1% Triton X-100, and stained with phalloidin conjugated to either Alexa Fluor 488 (Thermo Fisher Scientific; for Sema3A-and Sema3F-treated cells) or to tetramethylrhodamine B isothiocyanate (Sigma-Aldrich; for Sema3C-treated cells). Cell-associated fluorescence was visualized with a Zeiss LSM 510 Meta confocal system using a C-Apo 403/1.2 water-immersion objective after excitation at 488 or 647 nm and analyzed with either LSM 510 Meta acquisition software (Sema3A-and Sema3F-treated cells) or with Zen 2009 acquisition software (Sema3C-treated cells). The diameter of Sema-treated DCs was measured from photomicrographs of phalloidin-stained cells using LSM 5 Image Browser Software (Zeiss).
Transwell migration of DCs
Quantitative transwell migration assays were performed using QCM chemotaxis 96-well migration kits (EMD Millipore) with a 5 mm pore size, according to the manufacturer's instructions. mDCs (4 3 10 4 cells) were exposed to 10 mg/ml AP-Sema3A, AP-Sema3F, or AP control and to 2.5 mg/ml human IgG 1 control or 10 mg/ml human Sema3C-Fc in 100 ml RPMI 1640/0.5% BSA in a transwell insert that was placed into the lower chamber containing 150 ml RPMI 1640/0.5% BSA, with or without 200 mg/ml chemokine CCL19 (R&D Systems). Where indicated, DCs were preincubated with goat preimmune IgG (R&D Systems) or goat polyclonal anti-NRP-2 IgG (R&D Systems) at 40 mg/ml for 30 min at 37°C before adding Semas. After a 3 h incubation at 37°C in 5% CO 2 , cells that had migrated into the lower chamber and that remained attached to the bottom of the filter were collected, lysed, and stained with CyQuant GR dye, as suggested by the manufacturer, and quantified by recording fluorescence on an HTS 7000 Bio Assay reader with a 480/520 nm filter set (PerkinElmer, Waltham, MA, USA). All assays were performed in duplicate. A standard curve for fluorescence and number of DCs was established for each experiment, from which the number of migratory cells was interpolated for comparison with the number of cells placed in the upper chamber.
Microfluidic-based microchannel assay to study the migration of mDCs
Polydimethylsiloxane microchannels devices (400 mm long, 10 mm high, and 6 mm wide) were fabricated using a photolithography and a standard replica molding technique, as described previously [25] [26] [27] . The devices were coated with 20 mg/ml fibronectin (Sigma-Aldrich) to facilitate binding of mDCs.
Before cell seeding, mDCs were harvested and left untreated or incubated with 2.5 mg/ml human IgG 1 control or 10 mg/ml Sema3C-Fc for at least 1 h. Cells were collected and resuspended at 1 3 10 7 cells/ml in RPMI 1640 medium containing 1% FCS, and 10 ml of the cell suspension (equivalent to a total of 1 3 10 5 cells) was added to the cell inlet wells. After a 10 min incubation to allow cells to adhere, media in the inlet wells was removed and replaced with fresh RPMI 1640/1% FCS, and chemoattractant CCL19 at 100 ng/ml in RPMI 1640/1% FCS was added to the top distal wells. Migration of mDCs into the microchannels was visualized and recorded with time-lapse live microscopy in an enclosed and humidified microscope stage maintained at 37°C and 5% CO 2 using software-controlled stage automation (inverted Eclipse Ti microscope; Nikon, Melville, NY, USA). Phase-contrast images were taken at 10 min intervals for a total duration of 24 h with a 103 Ph1 objective. Cells migrating in the first 10 h of the experiments were analyzed using ImageJ (U.S. National Institutes of Health, Bethesda, MD, USA) with the MTrackJ plugin. Motility parameters, such as speed (defined as the total path traveled by the cell per unit time during the first 10 h of the migration experiments), velocity (defined as the net cell displacement per unit time during the 10 h time window), and persistence (defined as the ratio of the net cell displacement to the total path traveled by the cell), were computed from the cell tracks data generated. The experiments were performed and analyzed in a blinded manner to eliminate observer bias.
RESULTS
Expression of NRP-1 and -2 and type A plexins in human DCs
We previously reported that expression of NRP-2 is induced de novo in human imDCs and is markedly up-regulated at mRNA and protein levels during further cell maturation (Fig. 1A, lower ) [12] . To determine whether the pattern of expression of NRP-1, the other member of the NRP receptor family, parallels that of NRP-2, we compared the change in protein and mRNA levels of each during differentiation of monocytes to DCs. Although not detected on the surface of monocytes by flow cytometry, NRP-1 expression increases during differentiation of human monocytes into imDCs (Fig. 1A , upper) [13] . In contrast to NRP-2, though, the amount NRP-1 on the cell surface declines following exposure to LPS and further maturation into mDCs (Fig. 1A) .
Although the absolute amounts of NRP-1 and NRP-2 on the surface of imDCs and mDCs from multiple donors vary, the dissimilar patterns of expression of each were repeatedly detected ( Fig. 1B and Supplemental Table 1 ). The change in expression of cell-surface NRP-1 and NRP-2 during monocyte differentiation corresponds to the change in levels of mRNA encoding each protein. Whereas the amount of mRNA encoding NRP-2 continues to increase following exposure of imDCs to LPS, there is a dramatic decline in mRNA encoding NRP-1 as imDCs mature further ( Fig. 2A and Table 1 ). In spite of this divergent pattern in NRP-1 and NRP-2 protein and mRNA expression that occurs 2 d following LPS stimulation, significant amounts of both proteins are detected on the surface of mDCs by flow cytometry and confocal microscopy ( Fig. 1A and C) . Thus, mDCs have the potential of responding via both NRP receptors to numerous environmental cues transmitted by the family of class 3 Sema signaling molecules. As NRP-1 and NRP-2 are coreceptors with type A plexins or VEGF-Rs, depending on the type of cell in which they are expressed, we determined whether members of each coreceptor family are expressed in monocytes, imDCs, and mDCs and thus, have the potential for forming a signaling complex with NRP-1 and/or NRP-2 in these cells. The amount of mRNA encoding plexins A1-A4, plexin-D1, and VEGF-R1-3 in monocytes and monocyte-derived cells was determined, and the change in the amount of each during differentiation was normalized to expression of GAPDH RNA. Although a relatively low level of RNA encoding plexin-A1 and -A3 was detected in freshly isolated monocytes, the expression of each was up-regulated in imDCs and remained elevated after cells were exposed to LPS (Fig. 2B and Table 1 ). No RNA encoding plexin-A2 and -A4 or plexin-D1, reported to interact with class 3 Semas [28] , were detected in monocytes or DCs (results not shown). Analysis of RNAs encoding VEGF-R1, VEGF-R2, and VEGF-R3 in monocytes and in monocytederived DCs showed transient expression of VEGF-R1 only in imDCs (Fig. 2C) , whereas both VEGF-R2 and VEGF-R3 were not detected in monocytes at any stage of differentiation (unpublished results). These data suggest that in the presence of class 3 Semas, NRP-1 and NRP-2 on the surface of DCs can potentially associate with plexin-A1 and/or -A3 to transmit intracellular signals.
Human DCs up-regulate expression of Sema3C
Although human DCs express NRP-1, NRP-2, and plexin-A1 and -A2 coreceptors, definitive sources of physiologically relevant class 3 Sema ligands remain to be identified. To determine whether monocytes and monocyte-derived DCs synthesize the Sema ligands for their NRP/plexin coreceptors, the amount of mRNA encoding all secreted class 3 Semas in these cells was quantitated. Sema3C was unique among the class 3 Semas, with mRNA encoding this gene present in monocytes and significantly up-regulated in imDCs and mDCs ( Fig. 3 and Table 2 ). In contrast, although no mRNA encoding Sema3A was detected in monocytes, Sema3A mRNA was present in imDCs and mDCs, albeit with variable patterns of expression among different donors ( Fig. 3 and Table 2 ). The expression of Sema3F in monocytes and derived cells differed from that of Sema3A and -3C. mRNA encoding Sema3F was present in monocytes but was down-regulated to undetectable in imDCs and DCs. No mRNA encoding Sema3B, -3D, -3E, or -3G was detected in all donors. In spite of the presence of mRNA encoding Sema3A, -3C, and -3F in monocytes or imDCs and mDCs, attempts to detect secreted Semas in concentrated culture medium of these cells or cell-associated Semas in cell lysates on immunoblot were unsuccessful (data not shown), suggesting a relatively low concentration of synthesized protein.
Sema3A, -3C, and -3F bind to the surface of human imDCs and mDCs
Given the presence of NRP-1 and NRP-2 on the surface of human DCs and the absence of detectable endogenous class 3 Sema ligands associated with these cultured cells, we tested the ability of exogenous, recombinant Sema3A (ligand for NRP-1), Sema3F (ligand for NRP-2), and Sema3C (ligand for both NRP-1 and NRP-2) to bind to these cells. All 3 of these Semas bind to the surface of human imDCs and mDCs (Fig. 4A) . Whereas approximately equal amounts of Sema3A, -3C, and -3F bind to imDCs, the relative amount of each Sema bound to mDCs changes. There is relatively less Sema3A, but more Sema3C and -3F, bound to mDCs, consistent with the changes in surface expression of their respective NRP-1 and NRP-2 receptors. The binding of Sema3F to mDCs occurred predominantly via binding to NRP-2, as preincubation of mDCs with anti-NRP-2 IgG blocked .85% of Sema3F binding but reduced binding of Sema3A by only 15% (Fig. 4B) . Sema3C binding to mDC was reduced 41% after cells were preincubated with anti-NRP-2 IgG, consistent with its known interaction with both NRP-1 and NRP-2. Removal of polySia, a glycan modification of NRP-2 that promotes chemokine CCL21 binding to NRP-2, had no detectable effect on the binding of Sema3A, -3C, or -3F to mDC ( Fig. 4C compared with  A) . Thus, Sema ligands for both NRP-1 and NRP-2 bind to the surface of mDCs, with Sema3C binding partly, and Sema3F binding predominantly through NRP-2.
Sema3A, -3C, and -3F induce morphologic changes in mDCs
Although Sema3A has been shown to promote murine DC migration by inducing phosphorylation of myosin II via the NRP-1/plexin-A1 axis [22] , the effect of Sema3A and of other class 3 Semas on human DC migration has not been evaluated. To determine whether Sema3A, -3C, and -3F affect the cytoskeletal arrangement in human DCs, a necessary step in cell motility, F-actin organization was visualized by confocal microscopy after Figure 3 . Change in expression of mRNAs encoding class 3 Semas during differentiation of monocytes into imDCs and mDCs. Total RNA was isolated from monocytes and monocyte-derived imDCs and mDCs and was analyzed for expression of genes encoding all class 3 Semas by SYBR Green semiquantitative real-time RT-PCR, as described in Materials and Methods. The fold change in each mRNA in imDCs and mDCs compared with monocytes is shown relative to the change in the expression of GAPDH RNA. The level of expression of each gene in monocytes was set to 1, as noted by the dotted, horizontal lines. Data represent the means 6 SE of samples run in triplicate and are representative of data from experiments using cells from 3 different donors, as seen in Table 2 (*P , 0.05; ***P , 0.001; ns, P . 0.05). DCs were exposed to each of these Semas and stained with fluorochrome-labeled phalloidin. Sema3A, -3F, and -3C were chosen for study to evaluate the effect of ligand binding to NRP-1, NRP-2, and both NRP-1 and NRP-2, respectively. Control cells were relatively round and clearly showed a uniform distribution of organized F-actin along the plasma membrane (Fig. 5A , left, AP and IgG 1 -Fc). In contrast, Sema3A and -3C (Fig. 5A , middle) and -3F (Fig. 5A , right) induced a marked reorganization of F-actin into focal areas coinciding with lamellae. Some DCs exposed to Sema3A, -3C, and -3F showed polarized distribution of F-actin (Fig. 5A , seen with Sema3F and -3C), suggesting cytoskeletal organization to promote directed migration.
To quantitate the extent of change in cell morphology induced by Sema3A, -3C, and -3F, visualized in Fig. 5A , the change in size of Sema-treated cells was analyzed by LSM 5 Image Browser Software (Zeiss) after staining with fluorochromeconjugated phalloidin. By including measurements from at least 125 cells per condition, this determination overcame the inherent imprecision of subjectively identifying Sema-treated cells with altered morphology compared with untreated control Figure 4 . Sema3A, -3C, and -3F bind to the surface of human DCs. (A) imDCs (gray bars) and mDCs (black bars) were incubated with recombinant AP-Sema3A, AP-Sema3C, AP-Sema3F, or lone AP (control), and binding of each ligand to the cell surface was determined by the amount of AP activity measured, as described in Materials and Methods. (B) mDCs were preincubated with preimmune goat IgG (control IgG; gray bars) or goat polyclonal anti-NRP-2 IgG (black bars) before exposure to Semas and subsequent measurement of bound AP activity. (C) mDCs were exposed to endoN to remove cell surface polySia before exposure to Semas and subsequent measurement of bound AP activity. In each experiment, each Sema (2.5 mg) was added to 5 3 10 5 cells, and following the incubation, the samples were divided in half, and AP activity was measured. Data are the average from 3 sets of duplicate wells 6 SE from 1 experiment and are representative of results for 3 different experiments (*P , 0.05; **P , 0.01; ***P , 0.001; ns, P . 0.05). Monocytes, monocyte-derived imDCs, and mDCs from 3 different donors were analyzed for class 3 Sema expression. The fold increase in level of mRNA encoding each Sema is indicated, with the PCR crossover threshold value for the amount of mRNA encoding each protein noted in parentheses. Fold increase in mRNA in imDCs and DCs is based on the level in monocytes and normalized to the change in GAPDH mRNA. No mRNA encoding Sema3B, -3D, -3E, or -3G was detected in all 3 donors.
cells. All 3 Semas tested induced an average increase in diameter of cells in each population ranging from 10% to 16% of the size of control cells (Fig. 5B) . Thus, although not able to determine the percentage of cells with altered morphology following exposure to class 3 Semas, the Sema-induced F-actin cytoskeletal rearrangements were extensive enough to increase significantly the average cell dimension calculated from a large sample of treated cells.
Sema 3A, -3C, and -3F promote the migration of human mDCs
To determine whether the cytoskeletal changes induced by Sema3A, -3C, and -3F in mDCs were associated with a change in migratory capacity, we evaluated the chemotactic activity of each Sema alone and in the presence of chemokine CCL19. When mDCs were treated with Sema3A, -3C, or -3F and placed in the top chamber of a transwell plate in the absence of CCL19, transwell migration of 10.9 6 1.7, 17.3 6 1.4, and 14.1 6 1.2%, respectively, of input cells occurred (Fig. 6A) . In each case, there were more migrating cells than the 2.2 6 0.2% (AP control) and 2.8 6 0.2% (IgG control) of input cells that migrated into the bottom chamber in the absence of these Semas. A similar pattern of enhanced migration was noted when chemoattractant CCL19 was present in the lower chamber. In the presence of CCL19 and Sema3A, -3C, or -3F, 56.0 6 7.4, 59.3 6 4.2, and 52.7 6 4.3%, respectively, of added DCs migrated into the bottom chamber (Fig. 6B) . In each case, the number was greater than the 33.9 6 3.8% (AP control) and 30.9 6 5.6% (IgG control) of cells that migrated in the presence of CCL19 alone.
As we previously showed that anti-NRP-2 IgG blocked .85% of Sema3F and 41% of Sema3C binding to mDC, the effect of this antibody on transwell migration in the presence of these Semas was assessed. Under these conditions, the 1.7-fold increase in transwell migration of DCs treated with Sema3F was reduced by 74%, and the 1.9-fold increase in migration of Sema3C-treated cells declined by 24% (Fig. 6C) . The blocking of NRP-2 had minimal impact on the migration of Sema3A-treated cells. These results suggest that Sema3A, -3C, and -3F induce F-actin reorganization and promote migration in the absence or presence of a chemokine gradient and that in the case of Sema3F, most of the enhanced migration is mediated through a NRP-2/plexin signaling axis.
Sema3C has a variable effect on velocity of mDCs from different donors
It has been reported previously that exposure to Sema3A increases the speed and motility of murine DCs [22] . To determine whether this is a possible explanation for enhanced transwell migration of human DCs following exposure to Sema3A, -3C, and -3F (Fig. 6 ), the speed, velocity, and persistence of Sema3C-treated DCs were measured in a microfluidic-based microchannel assay. Sema3C was chosen as a representative class 3 Sema that signals through NRP-1 and NRP-2. Despite finding repeatedly that Sema3C enhanced transwell migration of DCs from multiple donors (Fig. 6) , results of cell speed and motility were variable among all donors evaluated. Results from 1 donor that show no significant change in speed of Sema3C-Fc-treated cells compared with IgG control and from 2 other donors that Figure 5 . Sema3A, -3C, and -3F induce F-actin rearrangement in mDCs. (A) Cultured human mDCs were treated with AP-Sema3A, AP-Sema3F, or AP control and stained with phalloxin 488 nm (green; lower of upper panels) or were treated with Sema3C-Fc or human IgG1 control and stained with tetramethylrhodamine B isothiocyanate (red; lower of lower panels) to visualize filamentous F-actin fibers by confocal microscopy. Companion phase-contrast images are also shown (upper of upper and lower panels). Photomicrographs of DCs treated with the AP gene constructs and of cells exposed to the Fc chimeras are from experiments using cells from different donors and are representative of results using cells from 7 (for Sema3A and -3F) and 3 (for Sema3C) different donors. (B) The diameter of mDCs exposed to Sema3A, -3C, and -3F was determined from photomicrographs of stained cells using the LSM 5 Image Browser Software (Zeiss). Cell diameter was calculated from cells in 6 fields for each experimental condition. At least 25 6 5 cells were counted in each field. Changes in cell diameter were significant in cells treated with AP-Sema3A, Sema3C-Fc, and AP-Sema3F compared with AP and IgG-Fc controls (*P , 0.05).
reveal a small decline in speed of Sema3C-treated cells are shown in Fig. 7 and Supplemental Table 2 . Likewise, the effect of Sema3C on persistence of mDCs from different donors is variable ( Fig. 7 and Supplemental Table 2 ). The variable effect of Sema3C on motility of mDCs from multiple donors raises the possibility that Sema-induced signaling is donor dependent. Furthermore, these results suggest that enhanced speed and motility are not the predominant Sema-induced effects that explain the consistent enhancement in transwell migration.
DISCUSSION
Semas comprise a diverse family of soluble and membranebound signaling proteins that mediate adhesion and migration of many different types of cells. In the immune system, Sema3A has been shown to promote migration of murine DCs into the lymphatics by signaling through NRP-1/plexin-A1 coreceptors [22] . In this report, we extend that finding by showing that Sema3C and -3F, as well as -3A, are capable of promoting migration of human DCs and that NRP-2, like NRP-1, is a functional coreceptor for class 3 Semas in these cells. We also show that Sema3A and -3F, ligands for NRP-1 and NRP-2, respectively, and Sema3C, which binds to both NRP-1 and NRP-2, induce F-actin reorganization in human DCs. As demonstrated in other cell types and likely the mechanism of action in human DCs, Sema signaling through Sema-binding NRP and signaltransducing plexin coreceptors affects actomyosin contractility by activating downstream GTPases [3] and by modulating phosphorylation of myosin light chain [22] .
NRP-1 and -2 are necessary coreceptors with signaltransmitting plexins for soluble class 3 Semas. Although NRP-1 and NRP-2 have distinct spatiotemporal expression patterns and roles in cells of the CNS [9, 29] , both are simultaneously expressed in human DCs. In the absence of Sema ligands, NRP-1 and NRP-2 have opposite effects on DC-T lymphocyte interactions [12, 13] . Whether these 2 NRP receptors, with seemingly similar functions, influence human DC activity cooperatively or independently in the presence of multiple potential Sema ligands remains to be determined. Murine DCs, like human DCs, express both NRP-1 [22] and NRP-2 [30, 31] , yet NRP-1 and Sema3A were shown using NPR-1 2/2 mice to be indispensable for migration of murine DCs into the lymphatics [22] . These results imply that NRP-2 and its Sema ligands are not able independently to guide murine DC migration. They do not preclude, though, the possibility that both NRP-1 and NRP-2 are required to orchestrate Sema-induced migration. In fact, the silencing of the activity of NRP-2 in cortical axons that express both NRP-1 and NRP-2 changed the cellular response to Sema3C from attraction to repulsion [32] . Likewise, Sema3A and Sema3C were shown to act as antagonists of NRP-1 and agonists of NRP-2 in the CNS [33] . To add to the complexity of Sema signaling in mDCs, the expression of both plexin-A1 and -A3, along with NRP-1 and NRP-2 in mDCs, expands the coreceptor combinations that are possible. Although much remains to be learned about NRP-1 and NRP-2 coexpression in mDCs, the robust increase in expression of NRP-2 and decline in expression of NRP-1 during DC maturation that we find suggest an important role for NRP-2 in these cells.
In the CNS, class 3 Semas act as chemorepulsive agents causing collapse of neuronal growth cones [34, 35] . Likewise, Sema3A and Sema3F have been reported to be chemorepulsive for human thymocytes that express NRP-1 and NRP-2 in a transwell migration assay [36, 37] , and Sema3A enhances chemokinedirected migration of murine DCs only when added to the upper chamber of a transwell unit, presumably by acting on the rear side of cells [22] . We show in this report that exposure of human mDCs to Sema3A, Sema3C, or Sema3F promotes migration from the upper into the lower chamber of a transwell unit in the absence or presence of a chemoattractive cytokine gradient. Although cells in each of these experiments migrated away from the Sema-containing upper chamber of a transwell unit, this movement is not necessarily a result of chemorepulsion. In fact, Figure 6 . Sema3A, -3C, and -3F promote mDC migration. Migration of human monocyte-derived mDCs after exposure to AP-Sema3A, AP-Sema3F, or AP control and to Sema3C-Fc or human IgG1 was evaluated using quantitative transwell chemotaxis kits without chemokine CCL19 (A) or in the presence of CCL19 (B), as described in Materials and Methods. (C) mDCs were preincubated with preimmune goat IgG (control IgG, black bars) or goat polyclonal anti-NRP-2 IgG (gray bars) before exposure to Semas and subsequent measurement of migration. All assays were performed in duplicate, and percent migration represents the percentage of input DCs added to the upper chamber that migrated into the lower chamber.
enhanced directed migration of human DCs occurs regardless of whether Sema3A, Sema3C, and Sema3F are added to upper or lower chambers of the transwell unit (data not shown). It is presumed that the concentration of Sema begins to equilibrate between upper and lower chambers of the transwell units during the course of the migration assay, making it difficult to attribute migration to repulsive or attractive factors. If indeed the effects of Semas on thymocytes, DCs, and neurons are different, it may be partly because of potential use of different plexin coreceptors with differing downstream signaling pathways in each type of cell, as discussed above, and/or from Sema-induced signaling through additional receptors remaining to be identified.
A previous study attributed Sema3A-enhanced transwell migration of murine DCs to an increase in cell speed and motility, resulting from phosphorylation of myosin II via the Sema3A/NRP-1/plexin-A1 signaling axis [22] . Despite the finding that Sema3A, Sema3C, and Sema3F consistently promote transwell migration of human mDCs from multiple donors, with the use of Sema3C as a representative class 3 Sema, we were not able to correlate this change in transwell migration with an increase in the average speed and/or velocity of mDCs. In fact, in 3 experiments with human mDCs from different donors, there was either no change or a small decrease in motility measurements in human DCs treated with human Sema3C-Fc. Preliminary optimization experiments conducted with human AP-Sema3A and AP-Sema3F and with murine AP-Sema3C using mDCs from 4 different donors also demonstrated inconsistent effects, with cells from some donors becoming more migratory upon Sema exposure, and cells from other donors becoming less migratory (data not shown). It is intriguing to speculate that these differences were donor dependent (e.g., cells expressed different relative amounts of NRP-1, NRP-2, plexin-A1, and plexin-A3), but this evaluation will require further study. The difference in our result and that reported for murine DCs [22] may be related to the unique features of the device used by the other group that is designed specifically to measure short-term effects of cell locomotion (within 20 min in that study) and the microfluidic chambers used in our studies that measure longerterm effects of cell movement (over 10 h). We also determined that Sema-treated DCs were larger than untreated cells, negating the possibility that a reduction in cell size might explain enhanced transwell migration through the 5 m pores. Given the changes in F-actin organization, it is possible that increased deformability could explain enhanced transwell migration, as would be expected to occur at endothelial cell tight junctions.
Immune cell trafficking is orchestrated by a highly ordered network of chemokines/cytokines and adhesion molecules, such as integrins and selectins [38] . The significant contribution of class 3 Semas and their NRP and plexin coreceptors to this network of factors controlling DC migration in vivo is manifest by impaired migration of murine DCs into the lymphatics in the absence of Sema3A/NRP-1/plexin-A1 [22] . Directed migration of DCs in vivo likely depends not only on the relative expression of NRP-1 and NRP-2 in DCs but also on gradients of class 3 Semas that are formed at various anatomic sites. Although Sema3A and other class 3 Semas are expressed by murine lymphatic and vascular endothelial cells [22, 39, 40] , their sites of expression, control of synthesis, and role in vivo remain to be determined. We have shown that mDCs express mRNA encoding Sema3A and Sema3C but are not clear whether these Semas function in an Figure 7 . Sema 3C has a variable effect on the speed, velocity, and persistence of mDCs from different donors. Chemotaxis of human monocytederived mDCs that were untreated or treated with control IgG or with Sema3C-Fc was evaluated in a microfluidic-based microchannel assay, as described in Materials and Methods. Cell migration toward a CCL19 chemokine gradient was visualized and recorded by time-lapse live microscopy, and motility parameters, such as speed, velocity, and persistence were computed from the cell tracks data generated. Three independent experiments with mDCs, derived from 3 different donors, were conducted with Sema3C-Fc and are represented in the figure. Between 137 and 674 cells were analyzed for all conditions, as shown in Supplemental Table 2 (*P , 0.05; **P , 0.01; ***P , 0.001; ****P , 0.0001; ns, P . 0.05).
autocrine or paracrine manner. That exogenous Sema3A, Sema3C, and Sema3F bind to and induce a morphologic change in DCs suggests that the endogenous amounts may be relatively low. Alternatively, it is possible that the recombinant Semas that we have used in our experiments are qualitatively different from endogenous Semas that are known to be cleaved by metalloproteinases [41, 42] . The relative amounts of DC-derived Sema3A and Sema3C compared with class 3 Semas from others sources remain to be determined.
It is noteworthy that NRP-2 is a multifunctional protein in DCs that is capable of linking responses to both Semas and chemokines through its nonoverlapping Sema-binding domain and its post-translational modification with polySia [12, [14] [15] [16] . Whereas Sema3C and Sema3F bind to the N-terminus of NRP-2, polySia chains that are attached more distally to O-linked glycans on NRP-2 [30] have been shown to sequester chemokine CCL21 and to promote CCR7 receptor-mediated migration [14] [15] [16] (Fig. 8) . Thus, NRP-2, whose expression is up-regulated during maturation of DCs [12, 31] , can integrate signals from chemokines targeting movement with those from Semas facilitating cytoskeletal reorganization. The role of NRP-2 in DC migration may be even more complex, as NRPs on neighboring cells are also capable of forming homophilic and heterophilic interactions [7] . These multiple capacities of NRP-2 may be unique to the protein expressed in DCs, as NRP-2 is not polysialylated in other types of cells that have been analyzed (unpublished results). In addition, CCR7 has recently been reported to carry polySia [43] , and the interaction between NRP-2 and CCR7 may be more complex than appreciated.
Although the work in this report focuses on the role of a Sema/NRP/plexin-signaling axis in DC migration, it is possible that this signaling complex also influences other DC activities (e.g., phagocytosis, antigen presentation), in which actin rearrangement is involved. In addition, each component of this signaling axis may have alternative functions by interacting with additional partners. For instance, NRPs have been shown to bind the hepatocyte growth factor [44] and galectins [45] . Regardless of their receptor partners and myriad potential functions, Semas, NRPs, and plexins are complex protein families that warrant further investigation for their significant roles in immunity, as well as in vascular, cancer, and CNS biology. These proteins represent exciting targets for therapeutic intervention in infection and inflammation and in other disease states. AUTHORSHIP N.M.S. conceived of the study and designed, supported, conducted, and supervised the research. S.C. designed and performed experiments. B.S.W. designed, performed, and analyzed microfluidic chamber motility studies. K.K. supported, designed, supervised, and analyzed microfluidic chamber motility studies. O.L. designed, performed, and evaluated confocal microscopy. All authors evaluated the data, and S.C. and N.M.S. wrote the manuscript. 
